During a study to investigate the diversity of rhizobia associated with native legumes in South Africa's Cape Floristic Region, a Gram-negative bacterium designated VG1C
The genus Burkholderia of the class Betaproteobacteria is composed of 73 species with validly published names (http://www.bacterio.net/b/burkholderia.html) at the time of writing. Species within the genus are common in natural environments and occupy extremely diverse habitats, ranging from soils, to aquatic environments, to associations with plants and animals (Bontemps et al., 2010) . The genus is most commonly known for its pathogenicity owing to members such as Burkholderia pseudomallei and the Burkholderia cepacia complex, which are pathogenic to both humans and other animals (Dance, 2000; Leitão et al., 2010) . However, the majority of species appear to live either freely or as symbionts or commensals with a variety of higher organisms (Payne et al., 2005) . For example, several species are capable of forming root nodules on legumes where biological nitrogen fixation takes place. Until recently, all root-nodulating bacteria (rhizobia) were believed to belong to the class Alphaproteobacteria. The subsequent description of legume-nodulating species of the genus Burkholderia from South African legumes in the genus Aspalathus (Moulin et al., 2001 ) has led to the realization that the genus harbours numerous rhizobial species (Chen et al., 2003 (Chen et al., , 2005a Barrett & Parker, 2005 , 2006 Andam et al., 2007; Bontemps et al., 2010; Elliott et al., 2009; Mishra et al., 2012) . Despite being originally described from southern Africa, it is now believed that most of the phylogenetic diversity within symbiotic species of the genus Burkholderia is found in the neotropics as several studies have since identified these organisms nodulating legumes native to that region (Bontemps et al., 2010) .
VG1C
T was isolated from the root nodules of Aspalathus abietina Thunb. plants collected from Vergelegen Wine Estate in the Helderberg area of the Western Cape Province in South Africa (34.05462 u S 18.9367 u E). Root nodules (which were dehydrated and kept on silica gel until needed for bacterial isolations) were rehydrated, surface sterilized and rhizobia were isolated and cultured following protocols described by Somasegaran & Hoben (1994) . During the characterization of rhizobia isolated from these nodules, strain VG1C
T was recovered on yeast extract-mannitol (YEM) agar plates supplemented with Congo red (Vincent, 1970) at 28 u C, as an off white-coloured mucoid colony. Sub-cultivation was done on YEM agar at 28 u C for 48 h. Optimal growth temperature was assessed by growing strain VG1C T at 4, 10, 20, 25, 28, 30, 37 and 45 u C in nutrient broth (NB; Sigma Aldrich). NaCl requirements of strain VG1C
T were determined using NB supplemented with 1.0-10.0 % (w/v) NaCl (at 1.0 % intervals). Growth at different pH levels was investigated in NB from pH 2 to 10 at 28 u C. pH levels were adjusted prior to sterilization at intervals of 1.0 pH unit using different biological buffers. No appropriate buffer was found for pH 2 and 3 so pH was adjusted with 35 % HCl. Citrate/Na 2 HPO 4 buffer was used for pH 4.0 and 5.0, phosphate buffer for pH 6.0 and 7.0, Tris buffer for pH 8.0 and 9.0. No buffer was found for pH 10.0 and pH was adjusted with 5M NaOH. Minor changes were observed in the pH post-sterilization. Growth was determined by measuring the turbidity (OD 600 ) of cultures over the course of 48 hours. VG1C
T showed no growth at 4 or 45 uC, poor growth at 10 and 20 uC, moderate growth at 25 and 37 u C and good growth at 28 and 30 u C. Optimal growth was observed in the absence of NaCl but growth was observed with NaCl up to a final concentration of 10 %. Growth was observed from pH 4 to 8 and optimum growth was recorded at pH 6 and 7. Bacterial cell morphology was examined using a LEICA 440 analytic scanning electron microscope at an operating voltage of 60-80 kV. The Gram reaction was carried out using a Gram's staining kit (Sigma Aldrich) according to the manufacturer's specification and strain VG1C
T was found to be Gram-negative.
Strain VG1C
T was examined for a broad range of phenotypic properties. Activities of catalase, oxidase, DNase, urease and lipase (corn oil), and hydrolysis of starch, casein and Tweens 20, 40, 60 and 80 were determined using standard methods (Smibert & Krieg, 1994) . Additional biochemical tests were performed using the API 20NE and API ZYM and ID 32 GN kits (Biomérieux). All commercial phenotypic tests were performed according to the manufacturer's recommendations. The results of the phenotypic and biochemical tests are given in the species description and characteristics that distinguish strain VG1C
T from closely related species are listed in Table 1 .
Determination of the DNA base composition, DNA-DNA hybridizations and fatty acid analyses were carried out by the Identification Service of the Leibniz-Institut Deutsche Sammlung von Mikroorgamismen und Zellkulturen (DSMZ), Braunschweig, Germany.
Fatty acid analyses were carried out using the Sherlock MIS system (MIDI). Cells were grown on medium DSM 535 (TSA, http://www.dsmz.de/microorganisms/medium/pdf/ DSMZ_Medium535.pdf; the medium proposed by MIDI), pH 7.3, at 28 u C for 2 days, hence biomass was harvested at the end of the exponential phase of growth. Fatty acid names and percentages were calculated by the MIS Standard Software (Microbial ID). The major fatty acids of strain VG1C
T were C 18 : 1 v7c (36.58 %), C 16 : 0 (20.73 %), summed feature 4 (composed of iso-C 15 : 0 2-OH/C 16 : 1 v7c) (10.66 %), C 17 : 0 cyclo (10.49 %), C 19 : 0 cyclo v8c (5.37 %) and summed feature 3 (composed of C 12 : 0 ALDE with ECL 10.928/iso-C 16 : 1 I/C 14 : 0 3-OH) (4.81 %). The following fatty acids were present in relatively small amounts: C 16 : 0 3-OH (1.97 %), C 16 : 0 2-OH (2.12 %), C 14 : 0 (1.09 %), C 12 : 0 (2.39 %). Trace amounts (,1 %) of C 16 : 1 2-OH (0.82 %), C 18 : 0 (0.7 %) and C 18 : 1 2-OH (0.69 %) were also detected.
Analysis of respiratory quinones was carried out by the Identification Service, DSMZ. Ubiquinone Q-8 was the predominant isoprenoid quinone.
To determine the G+C content, DNA was purified according to Cashion et al. (1977) . DNA was hydrolyzed with P1 nuclease and the nucleotides dephosphorylated with bovine alkaline phosphatase (Mesbah et al., 1989) . The resulting deoxyribonucleosides were analyzed by HPLC (Tamaoka & Komagata, 1984) . Lambda DNA and DNA of three organisms with published genome sequences representing a DNA G+C content range of 43-72 mol% were used as standards. DNA G+C values were calculated from the ratio of deoxyguanosine and thymidine according to the method of Mesbah et al. (1989) . The DNA G+C content of strain VG1C T was 60.1 mol%, and within the range reported for species of the genus Burkholderia (59-69.9 mol%) (Yabuuchi et al., 1992; Gillis et al., 1995; Garrity et al., 2005) . 
Antibiotic susceptibility was assayed using the disc diffusion method (Jorgensen & Ferraro, 2009 ). Growth of VG1C T was not inhibited by ampicillin or penicillin, weakly inhibited by streptomycin, and inhibited by kanamycin, gentamycin, tetracycline and chloramphenicol even at concentrations as low as 5 mg ml 21 .
To investigate the potential nodulation ability of strain VG1C T , we used the beaded sand medium method (Howieson et al., 1995) . Seedlings were inoculated with a 1 ml suspension of bacteria that was grown for 24 hours. Due to the unavailability of wild-collected seeds of the original host plant, A. abietina, we selected two Cape Floristic Region legumes, Cyclopia genistoides and Psoralea pinnata, as test plants. Both species are known to be good trap plants capable of nodulating with a wide range of bacteria, including members of the genus Burkholderia (Kanu & Dakora, 2012; Beukes et al., 2013) . Nodulation was not observed during the course of 12 weeks. Without the native host, it is therefore difficult to make conclusions on the nodulation abilities of this bacterium.
Single pure colonies of strain VG1C
T were picked and used in 16S rRNA gene PCR. The 16S rRNA gene was amplified and fragments were sequenced using the primers E9F (Farrelly et al., 1995) , 341F (Muyzer et al., 1993) , 536R and 907F (Lane et al., 1985) , 1100R (Lane, 1991) and 1512R (Weisburg et al., 1991) . Each 50 ml PCR reaction contained a final concentration of approximtely 50 ng genomic DNA, 200 mM each dNTP (AB gene, supplied by Southern Cross Biotechnologies), 25 pmol each primer, 5 U Taq DNA polymerase (Super-Therm JMR-801, Southern Cross Biotechnologies), 16 PCR reaction buffer and 1.5 mM MgCl 2 . PCR followed a cycle of initial denaturation at 95 u C for 5 min; 35 cycles of denaturation at 94 u C for 30 s, annealing at 58 u C for 60 s, elongation at 72 u C for 90 s; and final extension at 72 u C for 10 min. PCR products were purified using a QIAquick PCR Purification Kit (Qiagen, supplied by Whitehead Scientific) and sequenced using an ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit and an automated ABI PRISM 377XL DNA sequencer (PE Applied Biosystems).
The nearly full-length 16S rRNA gene sequence of strain VG1C T (1410 bp) was compared to 16S rRNA gene sequences available from GenBank (http://blast.ncbi.nlm. nih.gov/Blast.cgi.) and the EzTaxon-e server (http://eztaxon-e. ezbiocloud.net/; Kim et al., 2012) . The 16S rRNA gene sequence of VG1C T (GenBank accession no. KC817488) showed high similarity to the type strain of Burkholderia sediminicola (98.5 %), but interestingly, according to the EzTaxon-e search, showed no notably high similarity to any other species of the genus Burkholderia with a validly published name, including the type strains of Burkholderia xenovorans, Burkholderia bryophila, Burkholderia fungorum and Burkholderia terricola, which have been identified as being closely related to B. sediminicola. Amongst the 100 most similar sequences in the GenBank database, 79 were uncultured bacteria. Apart from B. sediminicola, none of the sequences represented any species of the genus Burkholderia with a validly published name. We created a multiple alignment of 16S rRNA gene sequences of selected species of the genus Burkholderia and strain VG1C T using the CLUSTAL X (Thompson et al., 1997) and BioEdit (Hall, 1999) software packages. Phylogenetic trees were reconstructed using the MEGA 5 software package with neighbour-joining, maximum parsimony and maximum likelihood search criteria (Tamura et al., 2011) . For all trees, bootstrap values were calculated based on 1000 replicates to assess topology support. The overall topologies of the phylogenetic trees obtained with all three methods were similar.
The neighbour joining phylogenetic tree based on 16S rRNA gene sequences (Fig. 1a) indicated that strain VG1C T and B. sediminicola formed a monophyletic clade within the genus Burkholderia (highlighted in Fig. 1 ). The differentiation of the B. sediminicola-VG1C
T clade was well supported by a high bootstrap value. Lower sequence similarities (,97 %) were found between strain VG1C T and the representative strains of all other species of the genus Burkholderia included in the phylogeny (Fig. 1a) .
To amplify and sequence the recA gene, the primers BUR1 and BUR2 (Payne et al., 2005) were used. The recA sequence for isolate VG1C
T was compared to recA gene sequences available from GenBank (http://blast.ncbi.nlm.nih.gov/ Blast.cgi.) Alignment and analysis of sequences was carried out as described above for the 16S rRNA gene. A comparison of the recA gene sequence of strain VG1C
T with other recA sequences confirmed that strain VG1C T belonged to the genus Burkholderia. The highest similarity was again to the type strain of B. sediminicola (98 %) (highlighted in Fig. 1 ). The clustering of sequences observed in the recA tree (Fig.  1b) differed slightly from that observed in the 16S rRNA tree (Fig. 1a) . The clade containing strain VG1C T was almost identical in both trees with the notable exception of the phylogenetic placement of B. fungorum. In the recA tree B. fungorum falls within a monophyletic clade with VG1C T , but in the 16S rRNA phylogeny this species showed a close relationship to Burkholderia megapolitana. We also observed phylogenetic incongruence among other species of the genus Burkholderia between the different gene trees. Similar incongruencies have been reported in studies comparing phylogenetic relationships of the 16S rRNA gene to those of protein coding genes (Stackebrandt et al., 2007) and some have attributed these to lateral gene transfer (Eisen, 1995; Holmes et al., 2004 , van Waasbergen et al., 2000 . Irrespective of the phylogenetic incongruence observed between different gene regions for some Burkholderia isolates here, the monophyly of strain VG1C
T and the closely related B. sediminicola LMG 24238
T was well supported (bootstrap ¢80 %) in all phylogenetic reconstructions.
Based on the results of the 16S rRNA and recA gene phylogenies, strain VG1C
T occupies a distinct position within the genus Burkholderia. The results of chemotaxonomic analysis also supported these findings. Several physiological characters such as enzyme activities and Trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. Evolutionary distances were computed using the maximum composite likelihood method (Tamura et al., 2004) and are in units of the number of base substitutions per site. Accession numbers are given in parentheses. Bars, expected number of substitutions per nucleotide position. The 16S rRNA and recA gene sequences of Cupriavidus necator NBRC 102504 T (formerly Ralstonia eutropha) were used as outgroups. Burkholderia aspalathi sp. nov.
utilization of carbon sources clearly distinguish the strain from the closely related B. sediminicola and other species of the genus Burkholderia as well (Table 1) .
To confirm the distinction between strain VG1C T and B. sediminicola, DNA-DNA hybridization was carried out by the Identification service at DSMZ as described by De Ley et al. (1970) with modifications (see Huss et al., 1983) using a model Cary 100 Bio UV/VIS-spectrophotometer equipped with a Peltier-thermostated 666 multicell changer and a temperature controller with an in situ temperature probe (Varian). Strain VG1C
T showed 20 and 18 % DNA-DNA relatedness with B. sediminicola in reciprocal hybridizations, far below the commonly recommended threshold value of 70 % between different species (Wayne et al., 1987) .
It is therefore clear from phenotypic data as well as DNA-DNA hybridization that the species constitutes a novel member of the genus Burkholderia. The name Burkholderia aspalathi sp. nov. is proposed for this taxon.
Description of Burkholderia aspalathi sp. nov.
Burkholderia aspalathi (as.pa.la9thi. L. gen. n. aspalathi of Aspalathus abietina, an African legume).
Rod-like cells occur as single units or in pairs with rounded ends. The average cell size is 0.4-0.8 mm in diameter and 1.5-3.0 mm in length. Colonies grown on YEM agar are creamy white in colour and mucoid. Temperature range for optimal growth is 20-30 u C, with no growth at 45 u C. Growth is observed in NB medium with 0 %-10 % NaCl and pH 4-8 at 28 u C. Optimal growth is obtained in the absence of NaCl, and at pH 6 and 7. The sugars D-fructose, D-glucose and D-xylose are oxidized aerobically but not anaerobically in oxidative-fermentative medium. Maltose is not oxidized under either aerobic or anaerobic conditions. Tests for acid phosphatase, alkaline phosphatase, b-galactosidase, catalase, C4-esterase, C8-ester lipase, leucine arlylamidase, naphthol-AS-BI-phosphohydrolase and oxidase activities are positive. Tests for amylase, arginine dihydrolase, cystine arylamidase, DNase, gelatinase, N-acetylb-glucosaminidase, b-glucuronidase, urease and valine arylamidase activities are negative. The assimilation of D-glucose, L-arabinose, D-mannose, N-acylglucosamine, potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid are positive. The following can be used as sole carbon sources; N-acetylglucosamine, D-ribose, inositol, lactic acid, L-alanine, D-mannitol, D-glucose, D-melibiose, L-fucose, D-sorbitol, L-arabinose, capric acid, valeric acid, trisodium citrate, L-histidine, potassium 2-keto gluconate, 3-hydroxybutyric acid, 4-hydroxybenzoic acid and L-proline. Acetate, glycogen, 3-hydroxybenzoate, itaconate, 5-ketogluconate, malonate, maltose, propionate, rhamnose, salicin, l-serine, suberate and sucrose are not utilized as carbon sources. Additional characteristics are listed in Table 1 The type strain, VG1C
T (5DSM 27239 T 5LMG 27731 T ), was isolated from root nodules of Aspalathus abietina Thunb. from the Cape Floristic Region of South Africa. The DNA G+C content of the type strain is 60.1 mol%.
